ABSTRACT: Effects of lactation length and weaningto-conception interval on the subsequent litter size of purebred sows were estimated using an animal model. Data on 2,847 Landrace sows with 7,125 litters born between January 1989 and May 1997 and on 1,234 Yorkshire sows with 2,999 litters born between January 1990 and May 1997 were obtained from two Canadian selection herds. Sows having a lactation of less than 14 d (MMEW) were usually not mated until their second estrus, whereas sows weaned after at least 14 d of lactation (later weaning) were usually mated on their first estrus. Litter size included both number of pigs born alive and those stillborn. Linear, quadratic, and logarithmic effects of lactation length were tested. The effect of weaning-to-conception interval on litter size was modeled using an approach based on threshold variables and an approach using segmented polynomials. Results indicated linear and logarithmic effects of lacta-
Introduction
Modified Medicated Early Weaning (MMEW) is a management technique that involves administering medication to the sow prior to farrowing, removing all piglets from the sow at an early age, and transferring them to separate nursery and fattening facilities. Although the main purpose of MMEW is to improve the health of growing piglets, it also leads to an increased growth rate (Britt, 1995) . However, it was found that the shorter lactation of the dam is associated with a 1 Financial and technical support for this project was provided by Génétiporc Inc. and the Canadian Centre for Swine Improvement. Present address: Génétiporc Inc., 1312 Rue St-Georges, St-Bernard, Beauce, Québec, Canada, G0S 2G0 (E-mail: dmarois@ globetrotter.qc.ca).
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tion length on subsequent litter size for Yorkshire and Landrace breeds, respectively. Litter size decreased as weaning-to-conception interval increased up to 7 and 10 d for Yorkshire and Landrace, respectively, then increased with further increases in weaning-to-conception interval up to 35 and 30 d for the two breeds, and then remained constant. The MMEW sows did not have lower subsequent litter sizes than later-weaned sows because the negative effect of a shorter lactation was offset by the positive effect of a longer weaning-to-conception interval. However, average time spent open per parity was longer for MMEW sows than for laterweaned sows. Both lactation length and weaning-toconception interval should be considered in models for the genetic evaluation of litter size in purebred swine. Segmented polynomials can be used to predict litter size as a continuous function of weaning-to-conception interval or to derive weaning-to-conception interval adjustment factors for litter size.
smaller litter size at the subsequent farrowing (Xue et al., 1993; Dewey et al., 1994; Mabry et al., 1996) , with longer weaning-to-estrus intervals (Xue et al., 1993; Mabry et al., 1996) , and with poorer first-service farrowing rates (Mabry et al., 1996) . Often, to improve subsequent litter sizes, sows are not bred until their second estrus after an early weaning, which increases the weaning-to-conception interval (WCI). Various authors have reported significant effects of WCI on the subsequent litter size (Dewey et al., 1994; Vesseur et al., 1996; Koketsu and Dial, 1997) . The effects commonly included in statistical models for genetic evaluation of litter size in swine are parity number, season of farrowing, mating type (AI or natural mating), and number of matings (Perez-Enciso and Gianola, 1992; Schaeffer et al., 1993; Sullivan and Dean, 1994) . It is proposed that MMEW introduces additional effects of lactation length and WCI that should be included in these models. Therefore, the objective of this study was to estimate effects of lactation length and WCI on subsequent litter size of the sow using a genetic evaluation model. The data for this analysis came from two Canadian purebred herds, each with a mixture of MMEW and later-weaned litters. This mixture rarely occurs in commercial practice but is useful for the purpose of this study because it allows the effects of both treatments to be compared in sows within the same herd environment.
Materials and Methods

Data
Records came from purebred Landrace sows with litters born between January 1989 and May 1997 and purebred Yorkshire sows with litters born between January 1990 and May 1997. All litters were from parities 1 to 6. Data on each sow included birth date, age at first farrowing, and size and parity of the birth litter. Data on each litter included parity, age of the sow, farrowing date, type of mating (AI or natural), number of services, previous lactation length, previous weaning-to-first-mating interval, previous WCI, and litter size. Litter size included both live and stillborn piglets. Only records with complete information on the birth litter, farrowing date, parity number, age at farrowing, type of mating, number of services, previous lactation length, previous weaning-to-first-mating interval, and WCI were used. Records with previous lactation length longer than 35 d (less than 1% of all parity 2 to 6 litters) or previous WCI longer than 60 d (approximately 5% of all parity 2 to 6 litters) were deleted. As in Xue et al. (1998) , only litters with at least four piglets were included in analyses. A total of 7,125 litters from 2,847 Landrace sows and 2,999 litters from 1,234 Yorkshire sows were used in the analyses. Pedigrees of sows were traced back to five generations and used in the animal model. The oldest ancestors were born in 1979. A description of the data for both breeds is given in Table 1 .
Breeds were housed separately. In both breeds, approximately 37, 25, 18, 11, 6 , and 3% of litter records were from parities 1 to 6, respectively. Mean ages at farrowing in parities 1 to 6 were approximately 362, 510, 660, 807, 954 , and 1,105 d with standard deviations of 30 to 50 d. After 1992, two management practices were used in the herd with regard to weaning and rebreeding. In approximately half of the litters, the sows were weaned between 7 and 14 d of lactation following the method of MMEW described by Connor (1990) . These sows were not mated until at least 18 d after weaning (usually at their second estrus). In the remainder of the litters, the sows were weaned after at least 15 d of lactation and were mated on their first estrus. In this paper, the two management practices are referred to as MMEW and "later weaning," respectively. Before 1992, all litters used later weaning. Previous lactation length had a bimodal distribution; 33 and 25% of multiparous litters were born after MMEW in Landrace and Yorkshire, respectively. Mean weaning-tofirst-mating intervals were 8 and 30 d for later-weaned sows and MMEW sows, respectively. In Landrace, 70% of later-weaned sows had a WCI of 6 d or less, and 55% of MMEW sows had a WCI between 25 and 32 d. Corresponding proportions for Yorkshire were 77 and 63%. In each breed, approximately 72% of matings were done by AI and 28% by natural service. For both breeds, approximately 1, 58, and 41% of AI matings involved one service, two services, and more than two services, respectively. For natural mating of Landrace sows, 43, 15, and 42% involved one service, two services, and more than two services, respectively. For Yorkshire, the corresponding proportions were 7, 36, and 57%. There were no matings involving both AI and natural service. Individual sows produced some litters by MMEW and some by later weaning. The allocation of sows to weaning type at any given time was at random.
Statistical Analyses
The first mixed model fitted to the data was the following:
where y is a vector of litter sizes, b is a vector of fixed effects, a is a vector of random direct genetic effects of animals, p is a vector of uncorrelated random permanent environmental effects of sows, c is a vector of uncorrelated random sow birth litter effects, e is a vector of random residuals, and X, Z 1 , Z 2 , and Z 3 are design matrices relating records to the appropriate fixed or random effects. It is assumed that E(y) = Xb. The variance-covariance structure of random effects is as follows: The two breeds were analyzed separately. Fixed effects were contemporary group (sows were grouped by farrowing date with a 4-wk spread within each group, 108 groups in Landrace, and 90 in Yorkshire), parity (six individual class effects from 1 to 6), mating type (AI or natural service), number of matings (three class effects: 1, 2, or > 2), interaction of mating type and number of matings, age at farrowing fitted as a linear covariate within each parity, age at first farrowing as a linear covariate, parity of the sow's birth litter (six individual class effects from 1 to 6), size of the sow's birth litter (four discrete class effects, each having a similar number of records: < 10, 10 to 11, 12 to 13, and > 13 pigs), previous lactation length fitted as a linear and a quadratic covariate, and the estrus number of the sow's last mating (three discrete class effects coded as 1 if the sow conceived at her first estrus after weaning the previous litter, 2 if she conceived at a later estrus, and 0 for first-parity litters). The estrus number of MMEW sows (those weaned < 2 wk after farrowing) was not known with certainty because they were not closely observed for signs of estrus until at least 18 d after weaning. For these sows, the estrus number was coded as 2 if the last mating was at least 18 d after weaning; otherwise, it was coded as 1. Later-weaned sows were observed for estrus as soon as they were weaned and mated as soon as they showed estrus. For these sows the estrus number was coded as 1 if they conceived at the first mating and 2 otherwise. Both farms were on a weekly farrowing schedule. Using contemporary groups covering 4 wk allowed grouping sows with similar management and allowed the number of sows per group to be large enough to accurately estimate group effects.
Variance components were estimated using the derivative-free restricted maximum likelihood (DFREML) approach of Meyer (1988) . A value of 10 −8 for the variance of (−2log L) was used as the iteration stopping criterion, where L is the likelihood. The iterations were restarted using the previous estimates as starting values, in order to check convergence to a global maximum. Asymptotic standard errors of the estimates were obtained from the inverse of the average information matrix. Estimates were also obtained for a model excluding random birth litter effects. A test statistic:
was calculated, where L 1 is the likelihood of the model including birth litter effects and L 2 is the likelihood of the model without those effects. The test statistic Λ was compared to the standard chi-square distribution with one degree of freedom to test significance of birth litter effects. The PEST software described by Groeneveld and Kovac (1990) was used to estimate the fixed effects of the model using variance components estimated with DFREML. An F-test based on an estimate of the error variance was performed to test the significance of the fixed effects. For Model [1] , that estimate is given by the following:
where b is the generalized least squares solution for b, ã , p , and c are BLUP of a, p, and c, respectively, n is the number of observations, and r is the rank of matrix X. Nonsignificant fixed effects were sequentially dropped from the model, in order of least significance, leaving only significant factors (P < .05).
Analyses of Weaning-to-Conception Interval Effects
To fit an effect as a covariate, one must make an assumption about the form (e.g., linear, quadratic, or cubic) of that effect. Litter records were put into class intervals of WCI with at least 100 records per class in order to have a similar sampling variance associated with each class mean. Class means for litter size were plotted against class means for WCI, and the plot is shown in Figure 1 . Due to the curvilinear relationship of litter size with WCI, it is unlikely that simple covariates would fit the effect of WCI suitably. The following alternative approaches were investigated using PEST.
Threshold Variable Approach. The effect of previous WCI was modeled using regression on threshold variables (e.g., Dewey et al., 1994) . For Yorkshire, nine thresholds (t 1 = 5, t 2 = 6, t 3 = 7, t 4 = 13, t 5 = 25, t 6 = 27, t 7 = 29, t 8 = 33, and t 9 = 45 d) and nine corresponding threshold variables (x j , j = 1, 2, ..., 9) were used. For multiparous litters, x j = 1 if WCI ≥ t j , and x j = 0 otherwise. All parity-1 litters had x j = 0 (j = 1, 2, …, 9). Threshold values were chosen such that there were at least 100 litter records between each consecutive pair. The model fitted included all the fixed and random effects found significant in the previous analyses as well as the threshold variables. The regression coefficient associated with the threshold variable t k estimates the mean difference between records having WCI ≥ t k−1 and < t k and records having WCI ≥ t k and < t k+1 . For example, the regression coefficient associated with t 1 estimates the mean difference between litters born after a WCI of 0 to 4 d and litters born after a 5-d WCI. For Landrace, the same procedure was repeated, but because of the larger data set, 19 thresholds could be used instead of nine. Estrus number was dropped from the model because the effect was not significant after adding the threshold variables. Litters between each consecutive pair of thresholds were grouped and the group means for observed and predicted litter size from that model were plotted against the group mean WCI. Predicted litter size at t k ≤ WCI < t k+1 was calculated as follows:
where cont gr i are par ity j are model solutions for contemporary group i and for parity j, respectively, n i is the Relationship between mean litter size and mean weaning-to-conception interval for 2,018 Landrace sows (4,554 multiparous litter records) and 845 Yorkshire sows (1,841 multiparous litter records). Means are for class intervals of weaning-to-conception interval that have at least 100 observations per class. Classes are 0 to 4, 5, 6, 7, 8, 9 to 12, 13 to 14, 15 to 19, 20 to 24, 25 to 27, 28, 29, 30, 31, 32, 33 to 34, 35 to 37, 38 to 44, 45 to 52, and 53 to 60 d for Landrace and 0 to 4, 5, 6, 7 to 12, 13 to 24, 25 to 26, 27 to 28, 29 to 32, 33 to 44, and 45 to 60 d for Yorkshire.
number of contemporary groups (108 for Landrace and 90 for Yorkshire), lactat is the mean lactation length, and b and ĉ m are the estimated regression coefficients for the previous lactation length and threshold variable m, respectively. Predicted litter size for WCI < 5 d was:
The threshold variable approach is more accurate than the approach of coding WCI as discrete class interval effects, because it makes use of the knowledge that WCI is a continuous variable.
Segmented Polynomial Approach. The thresholds used above were dropped from the model, and three new thresholds (w 1 , w 2 , w 3 ) were used. Then, four new variables describing WCI were defined as: All parity-1 litters had WCI1 = WCI2 = WCI3 = WCI4 = 0. The model included the linear and quadratic effects of the four variables as well as all significant fixed and random effects of Model [1] . The objective was to obtain predicted values of litter size that are a continuous function of previous WCI and that have a form consistent with the predicted values from the model based on threshold variables. Models with two or four thresholds were also investigated, but results were less successful and are not presented here. Model predictions were studied for many different values of w 1 , w 2 , and w 3 in order to obtain a function that was as smooth as possible (i.e., a function with minimum changes in the slope at the thresholds), and at the same time consistent with the solutions from the previous model. Variables that were not statistically significant were dropped only if that did not have a deleterious effect on the smoothness of the predicted function. Records were grouped by WCI (with the same grouping as in the threshold variable model), and group mean observed and predicted litter size were plotted against group mean WCI. The same procedure was repeated after splitting the data into two subsets based on type of weaning (i.e., later weaning or MMEW).
Alternative Model for Lactation Length Effects
An alternative model was studied in which the linear regression on lactation length (LACT) was replaced with a regression on LNLACT = ln(LACT + 1), where ln is the natural logarithm function. The function ln(LACT + 1) was used instead of ln(LACT) because of the presence of records with LACT = 0. This type of regression was used by Aumaître (1978) and Te Brake (1978) to model the effect of previous lactation length on litter size. Litter records were ranked and grouped by previous lactation length with at least 100 records per group. Group means for observed litter size and litter size predicted from the linear regression and log regression models were plotted against the group mean lactation length. The model best describing the effect of previous lactation length on litter size was the one with the smallest estimated error variance and with mean predicted litter sizes nearest to the observed means. The final model used to describe litter size for Landrace was as follows:
and, for Yorkshire:
where CG i is the fixed effect of contemporary group i; PAR j is the fixed effect of parity j; AF ijk is the age at farrowing of sow m at parity j; b 1j is the partial regression of litter size on age at farrowing in parity j; LNLACT ijk is the natural logarithm of previous lactation length; LACT ijk is the previous lactation length; b 2 is the partial regression of litter size on natural logarithm of previous lactation length for Landrace or the partial regression on previous lactation length for Yorkshire; WCI1 ijk , WCI2 ijk , and WCI3 ijk are the segmented polynomial variables defined as in Eq.
[2] with (w 1 , w 2 , w 3 ) equal to (6, 13, 36) 
sion coefficients on segmented polynomial variables; p k is the random permanent environmental effect of sow k; a k is the random genetic effect of the sow k; and e ijk is the random residual effect. Least squares means for parities were calculated by adding the appropriate parity solution to the average solution for the levels of each of the other effects in the model. For multiparous litters, calculations were carried out separately for MMEW and later-weaned sows using average lactation length and WCI for each type of weaning. A previous lactation does not exist for parity-1 observations. Therefore, the least squares means for parity 1 were calculated as the sum of the average solution for contemporary group, the average age at first farrowing effect, and the parity 1 solution.
Results and Discussion
In both breeds, random birth litter effects in Model [1] were not statistically significant based on the log likelihood ratio test shown in Table 2 . This result could be due to the fact that there were few littermate sows in the data. Over 60% of the records were on sows with no littermate, and the average number of sows per litter was only 1.5. Random birth litter effects were dropped from the model. Estimated heritability and repeatability for Landrace are 11 and 19%, respectively. Corresponding values for Yorkshire are 21 and 28%. These estimates are close to those found in the literature (Haley et al., 1988; Schaeffer et al., 1993; Estany and Sorensen, 1994) .
Among all fixed effects included in Model [1], only contemporary group, parity, estrus number, the linear effect of previous lactation length, and the age of the Figure 2 . Relationship of mean litter size and mean weaning-to-conception interval with mean previous lactation length for 2,018 Landrace sows (2a; 4,554 multiparous litter records) and 845 Yorkshire sows (2b; 1,841 multiparous litter records). Means are for class intervals of previous lactation length that have at least 100 observations per class. Classes are 0 to 6, 7, 8, 9, 10, 11 to 16, 17 to 18, 19, 20, 21, 22, 23, 24, 25, 26, 27 , and 28 to 35 d for Landrace and 0 to 7, 8, 9 to 10, 11 to 14, 15 to 18, 19 to 20, 21, 22, 23, 24, 25 to 26, 27, 28 , and 29 to 35 d for Yorkshire. sow at farrowing were significant for both breeds (results not shown). Litter size increased by .60 ± .09 and .24 ± .13 pigs/litter for every 10-d increase of the previous lactation length for Landrace and Yorkshire, respectively. Sows mated at the second estrus gave 1.05 ± .14 and .95 ± .23 extra piglets at their subsequent litter compared to sows mated at the first estrus for Landrace and Yorkshire, respectively. Because mean lactation length for Landrace sows that conceived at the second estrus was 11.9 d shorter than mean lactation length for Landrace sows that conceived at the first estrus, the real increase in subsequent litter size for sows that conceived at the second estrus was only .34 pigs/litter (+1.05 pigs/litter + [−11.9 d × .06 pigs/litter]). For Yorkshire, mean lactation length for sows that conceived at the second estrus was 13.5 d shorter than mean lactation length for sows that conceived at the first estrus, resulting in a real increase of .62 pigs/litter in subsequent litter size for sows that conceived at the second estrus.
After adding the threshold variables describing WCI effects to the model, the effect of estrus number was much smaller and was not statistically significant in either breed (P = .125 and .062 for Landrace and Yorkshire, respectively). This is due to the positive correlation between estrus number and WCI. After dropping estrus number from the model, the effect of previous lactation length for Yorkshire became much smaller and was not statistically significant (P = .219). This is because in the data conception at the second estrus gave larger litter size than conception at the first estrus, but conception at the second estrus was associated with shorter lactation length than conception at the first estrus. Shorter lactations gave smaller litter size. Hence, when the nonsignificant estrus number effect was removed from the model, the lactation length effect was unadjusted for estrus number and was smaller than it was previously. Litter records were put into class intervals of previous lactation length with at least 100 records per class in order to have similar sampling variance associated with all class means. Class means for litter size and for WCI were plotted against class means for previous lactation length, and the plots are shown in Figure 2 . For Yorkshire, the trend in litter Figure 3 . Predicted effect of weaning-to-conception interval on litter size using five segmented polynomials for Landrace and Yorkshire sows. Curves presented for Landrace (3a) were fitted across the segments 1) {0 to 6, 7 to 14, 15 to 30, 31 to 60}, 2) {0 to 6, 7 to 12, 13 to 30, 31 to 60}, 3) {0 to 5, 6 to 14, 15 to 30, 31 to 60}, 4) {0 to 6, 7 to 17, 18 to 36, 37 to 60}, and 5) {0 to 6, 7 to 13, 14 to 36, 37 to 60}. Curves presented for Yorkshire (3b) were fitted across the segments 1) {0 to 6, 7 to 17, 18 to 32, 33 to 57}, 2) {0 to 6, 7 to 14, 15 to 32, 33 to 57}, 3) {0 to 5, 6 to 14, 15 to 32, 33 to 57}, 4) {0 to 5, 6 to 14, 15 to 39, 40 to 57}, and 5) {0 to 5, 6 to 14, 15 to 44, 45 to 57}. Different starting values (-1, −.5, 0, .5, and 1 piglet at WCI = 0) were used to separate the curves to allow comparison of their shapes.
size follows the trend of WCI, except for lactations longer than 25 d. For Landrace, however, this is not the case. For Landrace, 93 and 7% of later-weaned sows conceived at first and second estrus, respectively. For MMEW sows, 10 and 90% conceived at first and second estrus, respectively. The corresponding proportions for Yorkshire are 96 and 4% for later-weaned sows and 2 and 98% for MMEW sows. Age at farrowing effects also tended to be smaller for both breeds when WCI effects were included in the model, particularly for parity 2 litters. This is because age at farrowing was moderately positively correlated to previous WCI (r = .36 and .27 for Landrace and Yorkshire, respectively) and both effects are positively correlated to litter size. The estimated fixed effects for the model fitting WCI effects with thresholds are shown in Table 3 . Figure 3 shows the predicted values from some models fitting WCI effects as segmented polynomials. The best curve was obtained with the set of intervals 0 to 6, 7 to 13, 14 to 36, 37 to 60} for Landrace and with {0 to 5, 6 to 14, 15 to 39, 40 to 57} for Yorkshire. These are identified as curve 5 in Figure 3a and as curve 4 in Figure 3b . Figure 4 shows the mean litter sizes observed and predicted from the threshold variable approach and from the segmented polynomial approach plotted against WCI. Both predicted curves show similar trends with WCI, but the segmented polynomial approach gives a smoother curve of predicted values. Both approaches show good agreement with the observed curve; the closest agreement is at 0 to 7 d and 27 to 35 d WCI because most of the data were within those intervals. When these plots were repeated separating litters born after MMEW from those born after a later weaning, the plots were similar to the original plots, without separating the data, for each of the two subsets of the data (results not shown). Estimated fixed effects for the curve 5 in Figure 3a for Landrace and for the curve 4 in Figure 3b for Yorkshire are given in Table 4 . The model for these curves was fitted with a linear regression on the natural logarithm of lactation length for Landrace and with a linear regression on lactation length for Yorkshire. For Yorkshire, none of the polynomial regression coefficients was significantly different from zero. An F-ratio test comparing the residual sums of squares of the model fitting WCI with five polynomial variables (the model of Table 4 ) to the residual sums of squares of the model fitting no effect of WCI indicated a significant effect of WCI on multiparous litter size (F = 4.77 with 5 and 2,892 df, P < .001). The small number of litters could explain the nonsignificance of the polynomial regression coefficients. The mean observed and predicted litter sizes are plotted against previous lactation length in Figure 5 . For both breeds, predicted values from the linear regression and log regression models were similar, except at lactation lengths below 7 d for Landrace, for which the log regression predicted a lower mean litter size, which was closer to the observed mean. Because the log regression better fits the data for short lactations for Landrace and the estimated error variance is smaller with the log regression on previous lactation length (6.48 vs 6.49 for the model with the linear regression on previous lactation length), the model of Table 4 was chosen as the final model to describe the litter sizes for that breed. For Yorkshire, neither the linear nor the log regression on previous lactation length was significant, but the model fitting a linear regression had a slightly smaller estimate of error variance (5.67 vs 5.68 for the model with the log regression on previous lactation length) and was the model chosen as the final model for Yorkshire. Mean observed litter size and mean litter size predicted using a model with a linear effect of lactation length and using a model with a logarithmic effect of lactation length, plotted against mean previous lactation length. The data in 5a are for 2,018 Landrace sows with 4,554 multiparous litter records, and the data in 5b are for 845 Yorkshire sows with 1,841 multiparous litter records. Means are for class intervals of previous lactation length that have at least 100 observations per class. Classes are 0 to 6, 7, 8, 9, 10, 11 to 16, 17 to 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, and 28 to 35 d for Landrace and 0 to 7, 8, 9 to 10, 11 to 14, 15 to 18, 19 to 20, 21, 22, 23, 24, 25 to 26, 27, 28, and 29 Mean residuals from the model fitting an effect of weaning-to-conception interval using five segmented polynomials and mean residuals from the model fitting an effect of estrus number, plotted against mean weaningto-conception interval. Means are for class intervals of weaning-to-conception interval that have at least 100 observations per class. Classes are 0 to 4, 5, 6, 7, 8, 9 to 12, 13 to 14, 15 to 19, 20 to 24, 25 to 27, 28, 29, 30, 31, 32, 33 to 34, 35 to 37, 38 to 44, 45 to 52, and 53 to 60 d for Landrace (6a) and 0 to 4, 5, 6, 7 to 12, 13 to 24, 25 to 26, 27 to 28, 29 to 32, 33 to 44, and 45 to 60 d for Yorkshire (6b) .
The final models are described by Eq. [3] and [4] for Landrace and Yorkshire, respectively. A model fitting only the estrus number without any polynomial or threshold effects of WCI was sub-optimal, as shown by Figure 6 , which plots the mean residuals from the model fitting the effect of estrus number and from the model fitting the effect of WCI using segmented polynomials, against mean WCI. The model using the estrus number does not differentiate between first-estrus sows that conceived litters within 6 d of weaning and first-estrus sows that conceived 6 to 12 d after weaning. This is why there are very large negative residuals for WCI between 6 to 12 d in Figure 6 , particularly for Landrace sows. The model fitting WCI effects also had smaller estimated error variance than the model fitting the estrus number effect (6.48 with 7,000 df compared to 6.52 with 7,004 df for Landrace and 5.67 with 2,892 df compared to 5.68 with 2,896 df for Yorkshire). Finally, WCI is much easier to record than estrus number because Figure 8 . Effects of weaning-to-conception interval on litter size estimated using segmented polynomials for 2,018 Landrace sows (4,554 multiparous litter records) and 845 Yorkshire sows (1,841 multiparous litter records).
only the mating dates have to be known. Knowing all estrus dates precisely may allow the fitting of a better model for the genetic evaluation of litter size. However, because early weaning introduces variations in the ability of sows to express estrus and to cycle again (Britt, 1995) , it could be difficult to record first estrus precisely in routine practice for MMEW sows. Weaning-to-conception interval is an important trait with a genetic basis (e.g., Ten Napel et al., 1995a). In adjusting litter size for previous WCI, we are assuming that the effect is mainly environmental. The genetic correlation between WCI and litter size is reported to be small (Adamec and Johnson, 1997; Ten Napel et al., 1998) . If WCI has an important genetic correlation with litter size, then the correct procedure would be to use a multivariate model to produce EBV for both litter size and WCI. The methods used to estimate the WCI effects in this study caused the models to be more complicated than those used in typical routine evaluations of litter size. However, after the WCI effects have been estimated, they can be used to preadjust the data to a standard WCI of 5 d, and the preadjusted data can then be used in a routine genetic evaluation model that does not include WCI effects. The more complicated models may be used only on occasions to check that the preadjustments are correct. This is the approach being adopted by the Canadian Centre for Swine Improvement in genetic evaluations of purebred Canadian swine. Analyses omitted litters with fewer than four piglets born. This approach was also used by Xue et al. (1998) . The omission probably had little effect on the results, because fewer than 2% of all litters were omitted, and the omitted litters were evenly distributed across levels of the fixed effects.
From the final model, least squares mean litter sizes in Landrace were 10.06, 10.27, 10.91, 11.02, 10.64, and 10.52 pigs for parities 1 to 6, respectively. In Yorkshire, they were 10. 16, 10.67, 11.47, 11.85, 11.97, and 11.75 pigs for parities 1 to 6, respectively. Parity-1 litter size increased significantly by .12 pigs for every 10-d increase in age at farrowing in Yorkshire. In Landrace, there was no significant effect of age at farrowing for parity-1 litters. Parity-2 litter size increased by .09 and .05 pigs for every 10-d increase in age at farrowing for Landrace and Yorkshire, respectively. In Yorkshire, the increase is not significant due to the smaller amount of data for that breed. Southwood and Kennedy (1991) and Culbertson et al. (1997) have found similar effects of age at farrowing for parities 1 and 2. Figure 7 shows the estimated effect of previous lactation length on litter size using the final models. For Landrace, the log regression best described the effect of previous lactation length on litter size as found by Cole et al. (1975) , Aumaître (1978) , and Te Brake 1978) . For Yorkshire, the effect of previous lactation length was best described by a linear regression (.02 pigs/d) as found by Xue et al. (1993) and Mabry et al. (1996) , who obtained estimates of .04 and .06 pigs/d, respectively. Aherne and Kirkwood (1998) reported a significant increase in litter size between 12 and 18 d of lactation length but no further increase for lactation lengths longer than 18 d. From Figure 7 , it seems that a linear regression on previous lactation length could predict litter size well for Landrace, except when lactation length is less than 7 d. Figure 8 shows the estimated effect of WCI on litter size. The curves could be explained by the following hypothesis. Sows with the shortest WCI are those that show estrus most quickly after weaning because they are in a good nutritional and physiological state (Reese et al., 1982; Mullan and Williams, 1989; Ten Napel et al., 1995b) . Because of this good state, they have a larger litter size than sows conceiving later (due to a larger number of embryos produced and[or] to a higher embryonic survival). At still longer WCI, the larger litter sizes could be explained by conception at the second estrus, which is generally recognized to give larger litter sizes than conception at the first estrus (Clowes et al., 1994) . Delaying breeding beyond the second estrus does not improve litter size, as shown by the flattening out over the last part of the curve. Changes in litter size with WCI were more important for Landrace than for Yorkshire. Dewey et al. (1994) found a similar U-shaped curve with litter sizes at a minimum for sows conceiving at 7 to 10 d after weaning. Vesseur et al. (1994) found that litter sizes decreased as WCI increased from 0 to 8 to 12 d and then increased with further increases in WCI. In the data, the average WCI was 5 d for later-weaned sows and 30 d for MMEW sows. 
Implications
The analysis showed important effects of previous lactation length of up to .8 pigs and effects of weaningto-conception interval of up to one pig. Effects of previous lactation length and weaning-to-conception interval on litter size were more important in Landrace than in Yorkshire. In order to avoid bias, both effects should be included in models for genetic evaluation of litter size. The previous weaning-to-conception effect is curvilinear with lowest litter size for previous weaning-toconception interval of 7 to 10 d. This could be because these litters arise from late estrus in sows in a poorer physiological state. The curvilinear shape of the weaning-to-conception interval effect cannot be accomodated by linear or quadratic regressions but can be fitted using segmented polynomials. Estimated weaning-to-conception interval effects can also be used to preadjust the data to a standard weaning-to-conception interval to keep the routine genetic evaluation model simpler.
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